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Fatigue  crack  propagation 
Hydrogen  embrittlement 
Nuclear  pressure  vessel  steel 
Fractography 


Fatigue  crack^rowth  tests  of  A508-2  pressure  vessel  steel  have  been  conducted  at  two  test 
temperatures  (93° C  and  288°C)  using  a  variety  of  constant  amplitude  waveforms.  The  load  ratios 
were  either  0.1  or  0.125,  and  the  water  chemistry  was  carefully  monitored  and  controlled  so  as  to 
simulate  the  nominal  pressurized  water  reactor  chemistry.  The  test  procedures  are  described,  and  an 
examination  of  all  the  data  indicates  that  the  results  fall  into  one  of  two  rather  clearly  defined 
categories.  One  band  of  data,  termed  “low”,  lies  close  to  or  essentially  on,  the  ASME  Section  XI 
Code  air  environment  default  line.  TTie  other  band  of  data,  termed  “high”,  resides  approximately^ 
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"rnidway  between  th«>  ASME  Sec.  XI  air  and  water  environment  default  lines. 

The  two  bands  of  data  are  the  result  of  certain  combinations  of  the  waveform  and  temperature 
variables  listed  above,  and  are  determined  by  the  following  rules: 

(1)  a  ramp  time  in  excess  of  one  second  is  needed  to  obtain  the  high  crack  growth  rate; 

(2)  the  application  of  a  hold  time,  together  with  a  high  temperature,  serves  to  depress  a 
normally  high  crack  growth  rate  test  (i.e.  one  with  a  long  ramp  time)  and  force  it 

^__^-iiUoJbe^ow  category.  ^ 

/  A  hydrogen  embrittlepi^nt  model  is  used  as  a  basis  for  the  explanation  of  this  behavior.  During 
the  longer  ramp  times  (~  one  second)  hydrogen,  formed  by  aqueous  hydrolysis,  diffuses  into  the 
plastic  zone,  resulting  in  local  embrittlement^.  However,  if  the  test  involves  a  waveform  with  a  hold 
time  component,  and  a  high  temperature,  the  hydrogen  diffuses  out  of  the  plastic  enclave  and  the 
erack  growth  rates  are  not  accelerated  from  the  “low”  to  the  “high”  category.  Short  ramp  times 
(~  one  second)  at  either  temperature,  do  not  allow  a  significant  production  of  hydrogen  ions,  and 
the  growth  rates  remain  in  the  “low”  category. 

The  suggested  mechanism  is  supported  by  fractographic  observations  of  increased  intergranular 
and  quasi-cleavage  components  for  the  hydrogen  assisted  fatigue  crack  growth  modes,  while  the 
fatigue  fracture  surfaces  of  specimens  from  the  low  growth  rate  category  showed  a  higher  percentage 
of  striation  formation  and  transgrenular  growth  modes. 
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FATIGUE  CRACK  GROWTH  OF  A508  STEEL  IN  HIGH-TEMPERATURE 
PRESSURIZED  REACTOR  GRADE  WATER 


INTRODUCTION 

The  American  Society  of  Mechanical  Engineers  (ASME)  Boiler  and  Pressure 
Vessel  Code  -  Section  XI  contains  information  on  the  fatigue  crack  growth  rate 
(da/dN)  upper  limits  allowed  in  certain  nuclear  reactor  safety-related  compu¬ 
tations.  These  upper  limits  are  given  in  the  form  of  two  da/dN  vs  AK  (applied 
cyclic  stress  intensity  factor)  relationships.  One  of  these  relationships  is 
appropriate  to  the  case  of  fatigue  crack  growth  in  an  air  environment,  the  other 
to  the  case  of  the  high-temperature  pressurized  reactor  grade  water  environ¬ 
ment.  In  the  safety  analysis  of  Section  XI,  these  da/dN  vs  AK  relationships  are 
employed  in  lieu  of  actual  data  from  the  steels  used  in  construction  of  that 
particular  reactor  pressure  vessel  (RPV)  for  which  the  safety  analysis  is  being 
carried  out. 

In  order  to  investigate  the  validity  and  conservative  nature  of  the  ASME 
Section  XI  procedures,  research  is  being  conducted  to  show  that  commonly  used 
RPV  steels  do  not  exhibit  corrosion  fatigue  crack,  growth  rates  which  exceed  the 
Sec.  XI  guidelines.  This  involves  performing  tests  in  an  environment  which 
models  that  of  the  primary  coolant  in  the  nuclear  systems,  using  materials 
produced  according  to  accepted  practice  for  the  nuclear  industry.  To  address 
this  concern,  the  Nuclear  Regulatory  Commission  (NRC),  together  with  the 
Naval  Research  Laboratory  (NRL)  and  Westinghouse  Nuclear  Energy  Systems 
developed  in  1976  a  preliminary  test  matrix,  setting  down  combinations  of 
waveforms  and  test  temperatures  which  have  now  been  tested.  Data  obtained 
from  this  program  was  used  to  develop  a  second  test  matrix  encompassing  a  wide 
range  of  materials  but  only  the  two  waveforms  which  consistently  produced  the 
highest  crack  growth  rates  of  the  preliminary  matrix  results. 

One  of  the  intents  of  the  preliminary  matrix  was  to  delineate  the  effects 
of  rise  time  and  hold  time  within  the  loading  pattern,  and  therefore,  the 
waveforms  of  the  preliminary  matrix  scheme  were  composed  of  ramp  times 
ranging  from  one  sec.  to  thirty  min.  and  hold  times  ranging  from  essentially  zero 
(reset)  to  sixty  min.  Additionally  a  one  cycle  per  min.  sinewave  test  was  run  to 
support  the  proposed  conclusions.  For  all  tests  at  the  NRL,  the  load  ratio  was 
either  (M  or  0.125.  The  two  test  temperatures  of  the  matrix  were  93°C  (200°F) 
and  288°C  (550°F).  These  selections  were  made  because  they  spanned  the 
characteristics  expected  during  the  heatup/cooldown  cycle  and  the  hydro-  and 
leak-test  transients.  To  provide  uniformity  to  the  results,  the  same  material 
(A508-2)  was  used  in  all  of  these  tests,  and  the  environment  was  carefully 
monitored  and  regulated. 

Note:  Manuscript  submitted  August  7,  1979. 
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While  the  crack  growth  rate  data  were  being  developed,  post-test  examina¬ 
tion  of  the  fatigue  fracture  surfaces  yielded  information  on  the  mechanistic 
processes  responsible  for  the  growth  rate  behavior  which  was  observed.  Toward 
the  concluding  months  of  the  study,  as  the  significance  of  the  observations  began 
to  cohere,  a  more  intensified  effort  to  understand  the  mechanistic  processes 
resulted  in  a  redoubled  metallographic  and  fractographic  effort.  The  end  result 
is  this  report,  containing  descriptions  of  the  techniques  used  in  high-temperature 
pressurized  water  fatigue  crack  growth  rate  testing,  a  large  volume  of  data,  and 
some  observations  on  the  characteristics  of  that  data.  These  observations  are 
supported  by  a  model  involving  hydrogen  embrittlement,  including  effects  of 
temperature,  rise  time  and  hold  time  on  the  hydrogen  specie  behavior.  This 
model  is  in  turn  supported  by  fractographic  observations  on  selected  fatigue 
fracture  surfaces  which  demonstrate  fractographic  features  characteristic  of 
known  hydrogen  embrittlement  assisted  failure. 

APPROACH 

The  environmental  and  fatigue  loading  parameters  were  selected  to  simu¬ 
late  operating  pressurized  water  reactors.  In  these  systems,  the  primary  coolant 
is  derived  from  high  purity  water  containing  1000  ppm  boron  as  boric  acid  and  1 
ppm  lithium  as  lithium  hydroxide.  All  other  elemental  contaminent  species  are 
held  to  less  than  0.15  ppm.  In  these  test  systems,  the  reactor  environment  was 
simulated  by  adding  boric  acid  and  lithium  hydroxide  to  deionized  water. 
Typically,  the  analysis  of  the  water,  performed  once  weekly,  showed:  boron  -1000 
ppm  +50  ppm,  lithium  -  1.00  ppm  +0.05  ppm,  chlorine  -  0.50  ppm  and  fluorine  - 
0.2  ppm.  The  specific  conductance  of  this  reactor-grade  water  is  16  to  20 
pmhos/cm  and  the  pH  approaches  5.8  from  an  initial  value  of  about  6.7  to  6.8. 
The  dissolved  oxygen  level  is  held  as  low  as  possible  (0  to  2  ppb)  by  continuous 
deoxygenation  of  the  water. 

Nearly  all  of  the  fatigue  loading  cycles  employed  were  composed  of  linear 
ramp,  a  hold  period,  and  a  reset.  Individually  these  components  may  have  periods 
ranging  from  nearly  zero  to  one  hour  and  are  chosen  to  approximate  the 
timewise  fluctuations  of  pressure  and  stress  in  an  operating  reactor.  In  the 
concluding  stages  of  this  study,  1  cpm  sine  waveforms  were  added  to  the  test 
plan.  For  the  purposes  of  this  test  series,  load  ratios  of  0.1  to  0.2  were  chosen. 
Extensions  of  this  study  are  employing  load  ratios  of  0.7  as  well. 

MATERIALS 

A508  is  a  low  alloy  steel  commonly  used  by  American  reactor  vendors  for 
construction  of  nuclear  reactor  pressure  vessels.  Complete  specifications  are 
found  in  the  ASTM  Standard  A508-77-Quenched  and  Tempered  Vacuum-Treated 
Carbon  and  Alloy  Steel  Forgings  for  Pressure  Vessels.  Two  heats  of  A508-2 
forging  material  were  used  in  this  research.  In  both  cases,  the  specimens  were 
taken  from  nozzle  drop-outs  furnished  to  NRL  through  the  courtesy  of 
Westinghouse  Corporation.  Chemical  and  mechanical  properties  of  the  materials 
are  given  in  Table  1.  The  codes  FW-  and  R-  serve  as  materials  identification 
codes  and  represent  the  two  heats  mentioned  above. 
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Mechanical  and  Chemical  Properties  of  the  Pressure  Vessel  Steels  Used  in  this  Study 
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EXPERIMENTAL  PROCEDURE 


Specimens 

Specimens  were  cut  from  the  nozzle  drop-outs  by  first  removing  about  40 
mm  of  the  outside  surface,  including  the  inside  cladding,  and  blanking  out 
specimens  from  the  remaining  material.  All  specimens  were  oriented  so  that  the 
tensile  stress  at  the  crack  tip  was  parallel  to  the  hoop  stress  direction  of  the 
drop-out. 

The  samples  were  either  25.4  mm  thick  (IT)  compact  specimens,  or  50.8 
mm  thick  (2T)  WOL  specimens.  In  the  case  of  the  compacts,  the  machined  notch 
extended  to  an  a/W  of  0.25  and  these  were  precracked  to  an  a/W  of  0.30.  The 
WOL  specimens  had  a  machined  notch  25.4  mm  (a/W  =  0.19)  and  were  precracked 
an  additional  6  to  50  mm  (0.3  to  2  in.)  depending  on  the  initial  aK  level  desired. 
The  maximum  stress  intensity  applied  during  precracking  was  less  than  or  equal 
to  the  initial  stress  intensity  levels  for  the  test.  All  precracking  was  performed 
at  room  temperature  in  an  air  environment.  At  the  time  some  of  these  tests 
were  carried  out,  there  was  considerable  speculation  about  the  existence  of  a 
"starting  A  K"  effect  [1] ,  hence  the  choice  of  initial  precrack  lengths  in  the  WOL 
specimens  spanning  an  unusually  large  range.  The  results  of  this  particular 
aspect  of  the  study,  which  do  not  substantiate  the  starting  AK  effect,  are 
discussed  in  a  later  section. 

Containment 

These  tests  are  performed  in  closed  environmental  chambers  which  are 
appropriately  constructed  for  the  environment,  temperature  and  pressure  re¬ 
gimes  under  study.  The  low-temperature  tests  (93°C,  200°F)  were  run  in  a  small 
stainless  steel  vessel  (called  a  "waterpot")  holding  about  6  £  of  water  (Fig.  1). 
The  water  was  circulated  at  about  1  {,/hr  and  a  nitrogen  cover  gas  was 
maintained  at  a  slightly  positive  pressure.  Resistance  strip  heaters  were  welded 
to  ^the  sides  of  the  waterpot  and  suitable  control  held  the  temperature  to  within 
+2  C.  No  on-line  water  analysis  was  available  for  this  system  at  the  time  these 
tests  were  carried  out. 

The  high  temperature  pressurized  water  tests  were  carried  out  in  one  of 
three  autoclaves: 

(a)  A  single  specimen  (1T-CT)  autoclave,  (b)  a  single  specimen  (2T  or  4T) 
autoclave,  Fig.  2,  or  (c)  a  multispecimen  (1,  2  or  4T)  autoclave,  Fig.  3.  While 
these  devices  are  different  in  size  and  physical  construction,  they  are  similar  in 
operation  and  can  be  described  ensemble.  Pressure  is  maintained  in  each  by  a 
Sprague  piston  pump  which  is  set  to  pump  continuously  at  about  one  stroke/sec. 
An  overpressure  release  valve  set  at  13.7  MPa  (2000  psi)  maintains  a  constant 
pressure  by  releasing  excess  water  from  the  system  at  each  stroke  of  the 
Sprague  pump.  This  pump-release  valve  combination  thus  circulates  at  a  rate  of 
about  10  £  per  hour,  as  well  as  pressurizes  the  water.  The  water  released  from 
the  high-pressure  autoclave  loop  flows  into  a  make-up  or  feedwater  tank, 
spraying  through  a  cover  gas  of  hydrogen  as  it  enters.  This  action  assists  in  the 
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Fig.  3.  The  multispecimen  autoclave  facility.  These  devices,  which  became 
operational  toward  the  close  of  this  study,  provided  the  data  of  specimens  R2-11 
and  R2-12.  Each  chamber  has  independent  hydraulic  and  temperature  controls, 
and  the  load  command  signal  is  electronically  compensated  for  changes  in 
pressure. 


continuous  deoxygenation  of  the  water  and  enables  maintenance  of  the  less  than 
1  to  2  ppb  levels  of  oxygen  in  the  systems.  The  on-line  water  analysis  systems 
for  specific  conductivity  and  dissolved  oxygen  content,  which,  at  the  time  of  this 
study,  were  available  only  for  the  2/4T  and  the  multispecimen,  autoclaves, 
circulated  water  to  and  from  the  make-up  tank  through  the  electrode  chambers 
for  the  various  types  of  analysis  available  (dissolved  oxygen,  specific  conduc 
tivity  and  pH).  For  each  of  the  four  systems,  a  batch  sample  of  about  one  liter 
was  drawn  off  each  week  for  a  complete  wet  chemical  analysis  for  various 
metallic  and  halide  ions. 

The  load  rods  into  the  chambers  are  sealed  with  either  teflon  or  silicon 
rubber  gaskets  and  the  load  loss  is  negligible  compared  to  the  applied  load.  The 
force  of  the  water  pressure  on  the  load  rod  cross-sectional  area  is  algebraically 
subtracted  from  the  load  as  realized  at  the  externally  situated  load  cell.  The 
waveforms  are  generated  by  function  generators  and  the  loads  sire  applied  using 
standard  fatigue  rated  actuators  in  closed  loop  servohydraulic  test  frames. 
Every  attempt  is  made  to  allow  a  test  to  proceed  twenty-four  hours  a  day,  seven 
days  a  week  from  start  to  finish,  however,  interruptions  for  repairs,  replacement 
of  failed  gaskets,  etc.  are  occasionally  necessary  and  are  performed  as  rapidly  as 
possible  so  as  to  alleviate  transient  phenomenon  in  the  data  generation.  In  spite 
of  these  efforts,  transient  accelerations  and  decelerations  in  the  crack  growth 
rate  are  observed  and  these  will  be  indicated  and  discussed  in  a  later  section. 

Crack  Length  Measurement 

Because  the  crack  extension  cannot  be  continuously  measured  using  optical 
means,  this  quantity  was  determined  from  an  experimentally  developed  relation¬ 
ship  between  the  specimen  compliance  and  the  crack  length.  In  this  case  the 
compliance  was  defined  as  the  ratio  of  crack  mouth  displacement  (  6)  to  load  (P). 
The  displacement  measurements  were  made  using  linear  variable  differential 
transformers  (LVDT)  gages,  designed  for  use  in  this  environment,  and  fastened  to 
the  mouth  of  the  specimen  using  either  a  flexible  cable  attached  to  the  core 
piece,  or  a  trunnion  mount,  to  assure  the  required  rotational  degree  of  freedom. 
Before  the  LVDT  units  are  "baked-out"  at  temperatures  about  10  %  greater  than 
operating  temperature  and  cycled  between  ambient  and  operating  temperatures 
several  times  to  insure  stability.  Each  LVDT  is  associated  with  a  specific 
conditioner  unit  and  is  calibrated  at  operating  temperature  as  well  as  room 
temperature  prior  to  use.  Calibration  is  performed  using  a  dial  micrometer  to 
drive  the  corepiece  while  the  body  of  the  LVDT  is  held  rigidly  in  a  tube  furnace. 
Readings  of  displacement  and  voltage  output  are  taken  at  about  twenty  evenly- 
spaced  intervals  and  the  results  computer  fit  to  a  straight  line,  the  slope  of 
which  is  the  calibration  coefficient.  The  gain,  and  mechanical  and  electrical 
zero  points  are  appropriately  adjusted  to  give  as  linear  a  response  over  the 
required  displacement  range  as  possible.  It  is  found  that 
dependence  of  the  calibration  coefficient  is  of  the  order  of 
larger  (12.7  mm,  0.500  in.)  stroke  LVDT  units  and  about  2  x 
smaller  (2.5  mm,  0.100  in.)  units.  We  have  not  been  able  to  discern  any  pressure 
dependence  of  the  LVDT  units. 


tbe  temperature 
10"5  V/°C  for  the 
10"b  V/°C  for  the 
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Crack  length  to  compliance  relationships  are  produced  by  fatigue  cracking 
(2T-WOL  specimens)  or  using  a  series  of  specimens  with  varying  machined  notch 
lengths  (1T-CT  specimens)  and  measuring  displacement/load  (6/P)  as  a  function 
of  optically  measured  surface  crack  or  notch  length.  The  results  are  then 
computer  curve-fitted  to  an  appropriate  non-linear  function  which  gives  the 
crack  length  as  a  function  of  6/P.  Crack  lengths  can  then  be  determined  using 
graphs,  tables  or  computed  solutions  of  the  appropriate  a  vs  6/P  function. 

In  the  case  of  the  1T-CT  specimens,  the  calibration  tests  were  performed 
at  the  test  temperatures  (93°C,  288°C)  and  the  resultant  expressions  can  be  used 
without  a  temperature  correction  factor  to  account  for  changes  in  the  LVDT 
calibration  or  in  the  elastic  modulus  of  the  test  material.  In  the  case  of  the  2T- 
WOL  specimens,  the  basic  calibration  curve  was  developed  at  room  temperature. 
A  temperature  correction  factor  was  computed  by  noting  the  shift  in  /P 
produced  in  six  specimens  of  varying  crack  length  when  they  were  raised  to 
temperature  (288°C)  at  the  start  of  their  test.  After  the  temperature  difference 
in  LVDT  calibration  coefficient  is  accounted  for,  the  remaining  shift  should  be  a 
factor  of  the  ratio  of  the  elastic  moduli  of  the  material  at  room  temperature 
(25°C)  and  at  operating  temperatures  (288°C). 


(»)  ■  «  0?) 
25  288 


where  E  is  Young's  Modulus  for  the  material.  The  ratio  computed  is  0.933.  The 
accuracy  of  this  ratio  has  been  substantiated  by  comparing  the  initial  and 
available  beachmarked  crack  length  readings  on  all  subsequent  tests  with  the 
corresponding  crack  lengths  accurately  measured  on  the  fatigue  fracture  sur¬ 
faces  using  traveling  microscopes  and  recomputed  using  a  seven-point  averaging 
technique. 

While  the  accounting  for  the  temperature  dependence  of  the  LVDT's  and 
the  elastic  modulus  eliminates  the  major  sources  of  error,  other  variables  could 
perturb  the  accurate  measurement  of  crack  growth.  Among  these  are  thermal 
transients  in  the  autoclave  environment,  unexpected  aging  of  the  LVDT  or 
conditioner,  seal  friction  losses,  mechanical  losses  in  the  LVDT  mounting 
hardware  and  undesired  restraint  in  pin  rotation  in  the  clevis  grips  or  in  the 
specimens.  However,  in  the  face  of  all  this,  the  fact  remains  that  nearly  all  the 
compliance  inferred  crack  lengths  match  up  within  about  0.008  W  of  the  post 
test,  optically  measured  crack  lengths,  implying  that  these  errors  do  not 
significantly  affect  the  final  results. 
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Data  Acquisition 


In  the  three  years  of  testing  during  which  these  data  were  developed, 
several  improvements  in  the  data  acquisition  procedure  were  made,  culminating 
recently  in  the  installation  of  a  computer  controlled  data  acquisition  system 
which  handles  the  acquisition  responsibilities  for  all  six  test  stands  with  a 
minimum  of  operator  interaction.  The  earliest  methods  involved  holding  the 
loads  at  roughly  20%  and  80%  of  the  maximum,  reading  the  LVDT  outputs  on  a 
digital  voltmeter  and  computing  the  displacement/load  slope.  The  next  stage  of 
improvement  resulted  from  the  use  of  digital  oscilloscopes  to  record  load  and 
LVDT  output  for  five  consecutive  load  cycles,  digitizing  about  ten  matched  pairs 
from  each  of  the  load  vs  time  and  LVDT  vs  time  slopes,  computing 
displacement/load  slopes,  and  using  the  average  of  these  five  to  compute  crack 
lengths.  The  computerized  method  is  similar  to  the  above,  but  uses  one  hundred 
pairs  of  automatically  acquired  points  to  compute  the  slope.  More  complete 
details  are  given  in  Ref  [2] . 

Data  Reduction 

The  methods  used  to  process  the  crack  length  vs  cyclic  count  data  are  very 
similar  to  the  methods  of  ASTM  Standard  E647-78,  "Methods  for  Fatigue  Crack 
Growth  Rate  Testing  for  Rates  10  °  m/cycle."  The  a  vs  N  values  are  computer 
processed  using  an  incremental  polynomial  method  which  differs  from  the  ASTM 
(7  point)  method  only  in  that  a  larger  number  of  data  points  (up  to  19)  may  be 
included  in  each  increment.  Use  of  this  feature  is  necessary  for  those  data  sets 
acquired  by  the  computerized  data  acquisition  system.  These  data  sets  contain  a 
larger  number  of  points,  spaced  more  closely,  and  with  slightly  more  variability, 
than  called  for  by  the  ASTM  practice.  In  this  report  all  data  from  specimens  of 
the  "F"  material  code  were  processed  using  the  7-point  ASTM  method,  while  the 
"R"-code  forging  data  was  processed  using  a  larger  number  of  points  per 
increment. 

The  current  ASTM  practice  indicates  that  one  criterion  for  validity  of 
crack  growth  rate  data  is  that  the  unbroken  ligament  of  the  specimen  (W-a)  must 
satisfy  the  inequality 


2 


at  all  times  during  the  test,  where 
W  =  specimen  width 

a  =  crack  length 

a  =  0.2%  offset  yield  strength  of  the  material  at  test  temperature 
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R  =  load  ratio 

&K  =  applied  stress  intensity  range,  computed  using  the  formula  in 
E647-78. 

Prior  to  the  introduction  of  this  requirement,  some  data  were  recorded  that 
would  now  be  deemed  invalid.  Some  of  these  data  exhibited  no  change  in  trend 
as  the  crack  extended  beyond  the  lengths  for  which  Eq.  2  was  validated.  An 
experiment  was  conducted  to  determine  if  these  data  could  be  qualified.  This 
involved  testing  of  two  2T-WOL  specimens  of  A533-B  material  such  that  within 
an  overlapping  AK  range,  one  specimen  produced  "valid”  data  while  the  other 
specimen  produced  invalid  data.  The  details  of  this  are  given  by  Ref.  [3] ,  and 
the  results  indicate  no  significant  differences  in  the  data  acquired  from  either 
specimen.  Additional  research  by  James  [4]  indicates  the  same  conclusion. 

Fraetography  and  Metallography 

The  SEM  specimens  used  to  examine  the  fracture  surfaces  were 
machined  from  failed  fatigue  specimens  to  a  size  of  approximately  20.0  mm  x 
9.0  mm  x  3.0  mm.  The  specimens  were  ultrasonically  cleaned  in  alcohol  and 
acetone  to  remove  oil  deposits  and  loose  scale.  The  fractographic  examination 
was  carried  out  using  two  different  scanning  electron  microscopes:  a  Coates  and 
Welter  field  emission  microscope  and  a  ISI  Super  II  microscope.  Both  electron 
microscopes  were  operated  at  an  acceleration  voltage  of  20  kV. 

For  metallographic  examination,  longitudinal  sections  were  cut  along  the 
midplane  of  the  specimens  perpendicular  to  the  fracture  surfaces.  For  edge 
retention,  some  of  the  sections  were  electroplated  with  0.25  mm  (0.01-in.)  thick 
layer  of  nickel  prior  to  metallographic  polishing.  All  the  polished  sections  were 
etched  for  about  30  sec  in  1%  nital  solution  and  examined  optically  and  with  a 
SEM  to  determine  the  relationships  between  the  microstructure  and  the  crack 
path.  The  optical  micrographs  were  taken  with  a  Bausch  and  Lomb  Research  II 
metallograph,  the  SEM  micrographs  were  taken  with  the  ISI  Super  n.  The 
microstructure  of  one  polished  and  etched  Section  (Rl-1)  was  examined  with  an 
AMR  1000  SEM  equipped  with  an  EDAX  Model  707B  dispersive  energy  x-ray 
analyzer.  The  X-ray  analyzer  was  used  for  the  possible  identification  of  second 
phase  particles  such  as  inclusions  and  precipitates. 

RESULTS  OF  CRACK  GROWTH  RATE  STUDIES 

The  fatigue  crack  growth  rate  data  acquired  under  the  preliminary  matrix 
test  plan  is  shown  in  Figs.  4-6.  The  figures  are  paired  according  to  certain 
characteristics  of  the  waveforms  and  in  all  three  cases,  the  lower  temperature 
(9 3 °C)  results  are  on  the  left  and  the  higher  temperature  (288°C)  results  are  on 
the  right.  There  are  three  factors  which  strongly  influence  the  crack  growth 
rates  in  A508-2  in  the  reactor  grade  water  environment;  these  are  the  prime 
variables  of  the  preliminary  matrix  scheme:  rise  time,  hold  time  and  tempera¬ 
ture.  An  interrelationship  among  the  three  determines  the  particular  crack 
growth  rate;  it  is  impossible  to  isolate  one  variable  without  fixing  the  other  two. 
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APPLIED  CYCLIC  STRESS  INTENSITY,  ksi-Vin.  APPLIED  CYaiC  STRESS  INTENSITY,  kit-\/1n. 

Fig.  4a,  b.  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for  all 
the  tests  with  a  very  short  (1  sec)  rise  time.  In  this  and  the  two  following  figures,  the 
lower  temperature  test  results  are  on  the  left.  Both  these  temperatures  yield  growth 
rates  close  to  the  ASME  Sec  XI  air  default  line. 


APPLIED  CYCLIC  STRESS  INTENSITY,  NP»\/«  APPLIED  CYCLIC  STRESS  INTENSITY, 
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APPLIED  CYCLIC  STRESS  INTENSITY,  kit-N/ln.  APPLIED  CYCLIC  STRESS  INTENSITY,  kjt-VIn. 

Fig.  5a,  b.  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for 
all  the  tests  with  both  significant  ramp  times  and  hold  times  (1  min  or  greater  for 
each).  In  the  left  hand  data  sets,  the  effect  of  the  increased  growth  rates  due  to 
the  lower  temperature  is  clearly  seen. 


APPLIED  CYCLIC  STRESS  INTENSITY,  APPLIED  CYCLIC  STRESS  INTENSITY,  MP«\/« 


®l  oAo/wt  *3id8  H1M0N5  KW®  3TOUHJ 

T 


'fnrT'T  1  ~!  r  |  f  TTT'l  ~1  1  1 


JIM  IT 


•  ~ 

it  -» 


in 

> 

U. 

cs 

0 

1 

3 

D__ 

(S 

OJ 

V 

in 

a: 

c 

L. 

in 

»- 

__ 

• 

1/1 

_  CVJ 

a 

| 

u 

c 

E 

—  GD 

a 

a 

.  Q 

CD 

c r ) 

o 

in 

QD 

cr 

CVJ 

□ 

— 

L.I.L-  1-X..-.X _ 1 


_ -1 _ X.. _ I  LI  JX_X_X _ 1 _ i _ J 

T  T  * 

(S  CD  CB 

9|aX3/-ui  ‘3|HM  HiMO*  NOU®  TOUbJ 


•loXo/t*  '3j.ua  hinow  ®h®  jbuhj 

T  T 


pn - , 


it  t t*t  t~t — r  *—  rrrTT  t"  r  r  i 


]  T  I  TTT'T 


Q 

*» 

L. 

1 

a  ft) 

S— 

(9 

a 

E  0 
10  u 

SJ 

C  t. 

OJ 

• 

w.  oj 

W 

a 

•  • 

,  i 

ft) 

c  o 

~  CD 

U 

a 

-  ft) 

<3 

cn 

E  0 

in 

cn 

CE 

m 

□ 

Lull  i 

IX- 

J-  -L. 

..  X. 

.  ~flxj  ixx~i..x  x _ 

s>  s 

•  |3Xa/-U|  ‘ 31tft)  HiMO®  )OWD  JBIftlJ 


/ 


APPLIED  CYCLIC  STRESS  INTENSITY,  kj1-\/tn.  APPLIED  CYCLIC  STRESS  INTENSITY,  k«1-Vln. 

Fig  6a,  b.  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for  the 
tests  with  a  significant  ramp  time  component,  but  without  a  hold  time  component.  In 
these  cases,  temperature  has  little  effect  and  growth  rate  data  resides  midway 
between  the  ASME  Sec.  XI  air  and  water  default  lines. 


An  examination  of  all  of  the  data  sets  produced  under  the  guidelines  of  the 
preliminary  matrix,  together  with  other  tests  run  under  similar  environmental 
conditions  but  utilizing  non-matrix  waveforms,  indicates  that  data  sets  fall  into 
one  of  two  rather  clearly  defined  categories.  One  band  of  data  lies  close  to,  or 
essentially  on,  the  ASME  Section  XI  Code  air  environment  default  line.  This 
class  of  data,  exhibiting  the  lower  of  the  two  crack  growth  rates,  will  be  called 
"low."  The  other  band  of  data,  which  resides  a  factor  of  three  to  five  above  the 
first,  will  be  termed  "high."  This  latter  band  of  data  resides  approximately 
midway  between  the  Section  XI  air  and  water  environment  default  lines. 

The  two  bands  of  data  are  the  result  of  certain  combinations  of  waveform 
and  temperature  variables  and  residence  in  one  of  the  two  is  determined  by  the 
following  rules: 

(a)  A  ramp  time  in  excess  of  one  second  is  needed  to  obtain  the  higher 
crack  growth  rate.  Several  tests  with  a  one  second  rise  time  (FW-1,  -2,  -5,  -10,  - 
12)  all  resulted  in  data  sets  falling  in  the  low  rate  category.  Other  tests  (FW-7,  - 
14,  -8,  Rl-01,  -04,  R02-05)  with  ramp  times  ranging  from  thirty  seconds  to  thirty 
minutes  produced  data  belonging  in  the  high  category,  however,  the  other 
variables  affect  the  exact  nature  of  the  results. 

(b)  The  application  of  a  hold  time,  together  with  a  high  temperature, 
serves  to  depress  a  normally  high  crack  growth  rate  test  (i.e.,  one  with  a  long 
ramp  time)  and  force  it  into  the  low  category.  It  is  clear  from  examination  of 
the  available  data,  that  both  the  above  variables  (sufficient  hold  time,  high 
temperature)  must  be  present  in  the  order  to  bring  about  the  repression  of  an 
otherwise  high  growth  rate  test  (FW-13,  R2-11,  -12).  Tests  in  which  one  variable 
was  absent  such  as  R2-05,  high  temperature  only, (no  hold  time)  or  FW-7,  -14,  -8, 
Rl-01,  hold  time  only  (low  temperature)  resulted  in  high  crack  growth  rates. 

Permutation  of  the  three  variables  and  the  results  produced  by  them  in 
conjunction  with  each  other,  leads  to  construction  of  two  tables,  2a  and  2b. 

While  these  data  sets  are  rather  self  consistent  within  a  grouping, 
individual  plots  exhibit  small  irregularities  in  behavior.  Small  plateaus,  reversals 
and  accelerations  which  result  in  deviations  from  power  law  behavior  are 
features  of  many  of  the  data  sets.  There  is  no  clear-cut  explanation  for  these 
features,  but  they  are  most  likely  related  to  interruptions  in  the  test  program,  or 
to  unavoidable  changes  in  the  environment,  temperature,  water  pressure  or  other 
test  variable.  These  irregularities  are  the  subject  of  continued  study  and 
documentation. 

A  single  test,  at  288°C,  with  a  triangular  waveform  (1  min  rise,  1  min  reset) 
produced  results  which  are  incongruent  with  the  balance  of  these  tests.  It  would 
be  expected  (Table  2b)  that  a  "high"  crack  growth  rate  would  be  found  in  this 
zero  hold  time  test.  However,  as  shown  in  Fig.  7,  a  decidedly  "low"  growth  rate 
is  indicated.  There  were  no  significant  experimental  difficulties  associated  with 
this  test  which  would  call  the  results  into  question.  Additional  tests  of  similar 
waveforms  are  underway  and  speculation  of  a  possible  mechanism  for  this 
apparent  exception  is  contained  in  a  later  section. 
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Table  2 

Summary  of  the  Dependence  of  Fatigue  Crack  Growth 
Rates  on  Temperature,  Rise  Time  and  Hold  Time 

Table  2a  Tests  with  Long  Hold  Times 


short  rise  time 

long  rise  times 

low  temp 

low 

high 

high  temp 

low 

low 

Table  2b  Tests  with  No  Hold  Time 


short  rise  time 


long  rise  time 


high 


high 


low  temp 
high  temp 


not  attempted 
not  attempted 
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Fig.  7  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for  specimen 
FW-15.  This  test,  at  288°C,  had  a  one  minute  ramp,  one  minute  reset  load  waveform, 
and  would  be  expected,  on  the  basis  of  Table  2b,  to  exhibit  growth  rates  in  the  high 
category.  A  possible  explanation  for  the  alternative  behavior  is  advanced  in  the 
section  on  mechanisms. 
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Of  the  two  test  temperatures  incorporated  in  this  study,  the  lower 
temperature,  in  the  presence  of  a  significant  ramp  time,  clearly  results  in  the 
higher  crack  growth  rates  .  Although  all  the  data  from  the  1,  5  and  30  min. 
ramp  tests  are  plotted  together  in  Fig.  5a,  it  is  possible  to  discern  a  slight 
dependence  of  the  crack  growth  rate  as  a  function  of  rise  time.  Using  data  from 
Figs.  4a,  5a,  and  6a,  this  is  shown  in  Fig.  8,  indicating  a  very  shallow  slope  which 
is  essentially  independent  of  AK  level.  Similar  plots  of  the  available  data  for  the 
higher  temperature  (288°C)  show  essentially  no  dependence  of  growth  rate  on 
rise  time.  Such  dependence  either  does  not  exist,  or  is  masked  by  the  passivating 
effect  of  the  hold  time. 

Since  the  testing  of  the  preliminary  matrix  was  a  cooperative  effort,  much 
of  the  relevant  supporting  test  data  has  been  published  by  Bam  ford  and  his 
Westinghouse  co-workers  [5-10] .  From  the  complete  list  of  possible  waveforms, 
certain  entries  were  assigned  to  either  NRL  or  Westinghouse,  and  as  a  check  on 
consistency,  certain  tests  were  carried  out  at  both  laboratories.  Most  of  the 
Westinghouse  data  agrees  with  the  NRL  data,  or  with  the  predictions  of  Tables 
2a,  b).  The  specific,  applicable  and  previously  published  Westinghouse  tests,  and 
their  results  are  summarized  in  Table  3.  As  can  be  seen,  the  preponderance  of 
the  Westinghouse  results  fall  into  the  same  pattern  as  the  NRL  results,  but  there 
is  no  current  rationale  for  the  non-agreement  of  R-8  or  F-9.  Comment  on  F-10 
and  F-ll  is  reserved  because  of  large  scatter  or  other  unusual  behavior  which  may 
be  due  to  experimental  difficulties.  In  both  laboratories  there  are  a  few 
preliminary  matrix  tests  still  ongoing.  It  is  expected  that  results  from  these  will 
be  available  in  mid-1979. 

At  NRL,  we  have  not  been  able  to  substantiate  the  existence  of  a  "starting 
&K"  effect,  as  has  been  suggested  in  some  other  reports  of  corrosion  fatigue 
crack  growth  data  [7,  12] .  This  effect  amounts  to  the  observation  that  the 
fatigue  crack  growth  rates  are  somewhat  history  dependent;  i.e.  that  the  lower 
the  starting  AK  for  a  given  test,  the  consistently  higher  is  the  resultant  crack 
growth  rate.  The  kinetics  of  the  material  environment  interaction  have  been 
cited  as  a  reason  for  this  response.  The  data  plotted  in  Fig.  4a,  b  consists  of 
tests  with  assorted  starting  aK  values,  and  the  results  appear  to  align  regardless 
of  the  initial  value  of  AK.  These  and  other  data  sets  are  shown  in  the  figures  of 
Ref.  11,  which  gives  results  of  tests  directed  towards  evaluation  of  the  starting 
AK  phenomenon. 

In  addition  to  the  ramp/hold  waveform  type  of  tests,  Westinghouse  re¬ 
searchers  have  published  a  large  quantity  of  sinewave  data  of  various  frequencies 
and  for  a  wide  range  of  materials  and  load  ratios.  As  noted  in  Tables  2a,  b,  it  is 
expected  that  17mHz  sinewave  because  of  the  long  rise  time  and  zero  hold  time 
involved,  would  exhibit  a  crack  growth  rate  belonging  in  the  high  category.  Most 
of  the  sinewave  data  generated  at  Westinghouse  does  fall  into  the  high  growth 
rate  category.  In  other  Westinghouse  work,  there  are  also  some  interesting 
effects  of  frequency  and  specimen  size  which  should  be  noted.  For  high 
sinewave  frequencies  (>1  Hz)  it  would  be  expected  that  the  environment  would 
not  have  time  to  aggressively  contribute  to  the  crack  growth  rate  and  the  rate 
might  trend  into  the  low  category.  Similarly,  for  very  low  frequencies  (>2  mHz 
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ture  growth  rates  exhibit  very  little  dependence  on  the  ramp  time  and  are  not  shown 
in  this  report. 


Summary  of  Westinghouse  Results 


R-8  1  min  -0-  93  C  Low  High 


or  less)  the  same  passivation  mechanism  which  causes  low  growth  rates  in  hold 
time/high  temperature  tests  might  also  be  able  to  assert  itself  against  such  a 
slowly  varying  waveform.  Consideration  of  several  Westinghouse  tests,  utilizing 
a  range  of  frequencies  of  sine  waveforms  tend  to  show  that  17mHz  sine 
waveforms  produce  the  highest  crack  growth  rates  while  faster  100  mHz)  and 
slower  (1.7,  8.5  mHz)  tend  to  produce  slightly  lower  crack  growth  rates  [5,6]. 
Both  the  NRL  and  Westinghouse  sinewave  tests  exhibit  a  "bend-over"  character¬ 
istic  for  the  higher  (> 50  MPa/m)  AK  levels.  This  behavior  is,  however,  not  a 
characteristic  of  the  ramp-and-hold  type  of  waveform.  While  the  data  sets  are 
clearly  positioned  in  the  high  growth  rate  category  for  lower  aK  le  is,  the 
growth  rates  for  sinusoidal  waveform  diverge  from  a  power  law  type  of  behavior, 
and  trend  to  lower  growth  rates,  often  crossing  to  the  right-hand  side  of  the 
Section  XI  air  default  line.  At  the  present  time,  such  behavior  has  been  clearly 
noted  for  sinewave  loadings,  and  a  possible  mechanism  for  this  is  advanced  in  a 
later  section  of  this  report. 

Support  for  some  of  these  observations  and  conclusions  can  also  be  found  in 
the  published  results  of  several  other  investigators.  Hondo  et  al.  [13]  published 
the  results  of  corrosion  fatigue  tests  on  A533-B  at  260°C  in  pure  water  of  higher 
oxygen  content  (~1  pmho/cm  and  ~70  ppb  dissolved  oxygen)  which  is  more 
characteristic  of  a  boiling  water  reactor  (BWR)  system.  These  tests  utilized 
either  square  or  sinewave  load  patterns  and  the  main  conclusion  is  that  growth 
rate  increased  steadily  as  the  test  frequency  decreased  from  1.6  Hz  (100  cpm)  to 
0.005  Hz  (0.3  cpm).  As  noted  above,  this  is  reasonably  consistent  with  the 
Westinghouse  results,  and  the  lowest  frequency  (0.005  Hz)  would  be  about  the 
point  at  which  the  trend  might  reverse  —even  lower  frequencies  leading  again  to 
lower  crack  growth  rates.  It  is  also  possible  that  the  different  environment, 
specifically  the  higher  oxygen  content  of  the  BWR-type  systems,  may  result  in 
crack  growth  rates  which  monotanically  increase  with  ramp  time. 

In  a  second  reference  Suzuki  et  al  [14]  Japanese  researchers  measured 
crack  growth  rates  for  A533B  in  a  heat  affected  zone  at  three  temperatures,  50, 
85  and  260°C.  Although  only  a  few  data  points  were  published,  these  suggest 
that  for  0.016  Hz  (1  cpm)  sinewave  loadings,  a  maximum  in  growth  rate  is 
attained  at  approximately  200°C,  while  93  and  288°C  (the  two  temperatures  of 
this  study)  would  both  produce  lower  (and  about  equal)  crack  growth  rates.  At 
the  lower  temperature  regime,  this  conclusion  is  substantiated  by  the  published 
results  of  Pacific  Northwest  Laboratories  [15] .  These  data,  developed  for  the 
much  higher  freauency  of  2  Hz,  showed  that  growth  rates  at  93°C  were  higher 
than  those  at  24°C.  Since  neither  the  Hondo,  the  PNL  nor  the  NRL  data  are 
conclusive  on  this  issue  of  temperature  dependence,  this  should  be  singled  out  as 
an  area  for  future  research. 

METALLOGRAPHY 

The  basic  aims  of  the  metallographic  examinations  were  (1)  to  investigate 
the  relationship  between  the  microstructure  and  the  crack  path,  and  (2)  to 
identify  the  various  microstructural  components,  such  as  carbide  particles, 
inclusions  and  oxidation  products  and  the  possible  influence  of  these  components 
on  fatigue  crack  propagation  behavior. 
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In  Fig.  9  are  optical  micrographs  of  transverse  sections  of  specimens  tested 
at  the  lower  temperature.  The  top  two  micrographs  show  that  specimens  tested 
with  short  rise  time  (FW-5  and  FW-2),  (1  sec)  had  shallow  and  mostly  transgran- 
ular  crack  branching.  The  bottom  micrographs  typify  the  microstructure  and 
the  crack  path  of  specimens  tested  with  long  rise  time  (FW-7  and  FW-8)  (1  min 
and  5  min  respectively).  The  crack  path  and  crack  branching  for  the  two  latter 
specimens  were  mostly  transgranular  but  some  intergranular  paths  appeared  to 
be  present  also.  The  secondary  cracks  were  larger  and  deeper  than  in  the 
previous  two  specimens.  Photomicrographs  shown  in  Fig.  10  refer  to  specimen- 
FW-13  (tested  in  the  autoclave)  (top  micrographs)  and  specimen  Q71-3*  tested  in 
air  (bottom  micrographs)  both  at  288°C.  As  shown  by  the  micrographs,  the  crack 
path  and  the  branching  are  transgranular,  and  an  oxide  layer  appears  to  be 
present  in  some  of  the  secondary  cracks  (Fig.  10b  and  c).  This  oxide  layer  may 
protect  the  crack  and  thereby  reduce  the  crack  growth  rate. 

Photomicrographs  shown  in  Fig.  11  refer  to  the  crack  profiles  of  specimens 
Rl-1  and  Rl-2,  the  former  tested  at  93°C  and  the  latter  at  288°C.  The  loading 
waveform  for  specimen  Rl-1  consisted  of  a  30  min  rise  and  3  min  hold  time  and 
that  for  Rl-2**  was  comprised  of  1  min  rise  and  60  min  hold  time.  As  shown  by 
the  photomicrographs  in  Fig.  11,  the  basic  difference  in  the  crack  profile  in  the 
two  tests  is  the  extent  and  the  type  of  secondary  cracking.  The  microcracks  in 
Rl-1  are  rather  large  and  deep.  On  the  other  hand,  the  average  number  of 
microcracks  per  unit  length  in  Rl-2  is  much  larger  than  in  Rl-1,  while  their 
average  size  is  smaller.  The  microcracks  in  Rl-2  are  covered  by  an  oxide  layer 
while  no  oxide  layer  was  present  in  the  microcracks  of  Rl-1. 

The  transverse  sections  of  the  same  two  specimens  (Rl-1  and  Rl-2)  were 
also  examined  with  the  SEM;  the  significant  observations  of  this  analysis  are 
summarized  by  the  micrographs  presented  in  Fig.  12.  These  SEM  micrographs 
refer  to  the  crack  tip  region  of  the  two  specimens. 

The  lower  magnification  micrograph  on  the  top  (Fig.  12)  representing  the 
crack  tip  of  water  pot  test  shows  that  the  crack  had  branched  at  this  point.  The 
extensive  branching  at  the  tip  of  the  crack  would  partially  explain  the  pro¬ 
nounced  bend  in  the  fatigue  data  for  this  test  in  the  high  aK  end  (Fig.  5a),  where 
it  is  believed  that  the  specimen  was  about  to  yield.  Micrograph  6  is  a  higher 


♦Specimen  Q71-3  was  not  a  part  of  this  particular  study,  however,  it  was  also 
A508  material,  of  the  same  essential  chemistry  as  the  heats  above.  For  all 
practical  purposes,  it  is  expected  to  have  the  same  fatigue  properties.  See  Ref 
16  for  fatigue  results  of  Q71-3.  The  waveform  for  specimen  Q71-3  consisted  of  1 
sec  ramp,  22  sec  hold  and  1  sec  reset. 

♦♦Faulty  LVDT  behavior  during  test  Rl-2  prohibited  acquisition  of  reliable  crack 
growth  rate  data.  The  test  was  allowed  to  continue  for  the  express  purpose  of 
obtaining  micrographic  and  fractographic  information.  The  overall  crack  exten¬ 
sion  in  Rl-2  was  about  4  mm.  The  overall  growth  and  cyclic  count  indicates  a 
growth  rate  clearly  belonging  in  the  "low"  category. 
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Fig.  12.  SEM  micrographs  of  transverse  sections  of  A508-2  fatigue  specimens; 
one  tested  in  the  water  pot  (top  micrographs,  Rl-1)  and  the  other  tested  in  the 
autoclave  (bottom  micrographs,  Rl-2).  The  arrow  on  top  left  corner  of  each 
micrograph  indicates  direction  of  macroscopic  crack  propagation.  Previous  to 
SEM  examination,  the  sections  were  polished  and  then  etched  in  1%  nital  solution. 
Micrograph  (a)  shows  extensive  crack  branching;  it  is  believed  that  the  specimen 
has  already  yielded.  The  adjacent  micrograph  (b)  is  a  higher  magnification 
micrograph  of  a  microcrack  at  the  crack  tip  region.  The  tip  of  this  microcrack 
shows  a  partially  separated  second  phase  particle  surrounded  by  small  voids.  The 
bottom  micrographs  show  crack  branching  and  a  second  phase  particle.  The 
particle  is  not  surrounded  by  small  voids  as  in  Rl-1,  while  the  crack  path  is 
covered  by  a  protective  oxide  layer.  No  oxide  layer  was  visible  in  specimen  Rl-1. 
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magnification  micrograph  of  one  of  the  branches  of  the  crack  tip  of  Rl-1.  With 
regard  to  this  micrograph  the  following  important  points  can  be  made.  The 
secondary  crack  follows  a  path  that  leads  to  non-metallic  particle  believed  to  be 
an  inclusion;  the  particle  appears  partially  separated  from  the  matrix  material. 
The  inclusion  sites  are  considered  to  be  locations  to  which  hydrogen  can  most 
easily  diffuse  and  be  trapped.  In  addition,  at  the  tip  of  the  secondary  crack,  near 
the  inclusion,  there  are  some  small  voids  that  might  represent  hydrogen  void 
develop  ment  ahead  of  the  crack  tip.  These  voids  are  seen  in  a  band  ranging  up 
to  100  pm  to  each  side  of  the  fatigue  crack  with  the  greatest  concentration 
within  the  thirty  pm  of  material  adjacent  to  the  crack.  Figure  12c  and  d  are 
lower  and  higher  magnification  micrographs  of  Rl-2  taken  near  the  crack  tip. 
Confirming  the  observations  made  through  the  optical  micrographs  (Figure  11c 
and  d),  these  micrographs  show  that  secondary  cracks  in  this  specimen  are  on  the 
average  smaller  than  in  Rl-1  and  that  all  the  secondary  cracks  appeared  to  be 
covered  by  a  protective  oxide  layer.  Fig.  12d  shows  a  partially  separated 
inclusion  particle  close  to  the  crack  path,  but  the  particles  are  not  surrounded  by 
small  voids  as  in  the  case  of  Rl-1.  Moreover,  the  particle  is  not  located  at  the 
tip  of  a  microcrack. 

The  micrographs  in  Fig.  13  represent  the  significant  results  of  the  crack  tip 
examination  of  Rl-1  by  an  AMR  1000  scanning  electron  microscope  equipped  with 
an  energy  dispersive  X-ray  analyzer,  EDAX  model  707B.  The  non-metallic 
particles  shown  in  Fig.  I3a,  were  analyzed  with  the  energy  dispersive  unit.  The 
results  of  this  X-ray  analysis,  shown  in  Fig.  13  b-c,  confirm  that  the  non-metallic 
particle  described  above  is  an  inclusion  rich  in  both  sulfur  and  manganese. 

FRACTOGRAPHY 

The  fracture  surfaces  of  many  of  the  fatigue  specimens  included  in  the 
present  study  were  examined  by  scanning  electron  microscopy  (SEM).  The 
fractographic  analysis  was  undertaken  with  the  aim  of  characterizing  the  failure 
processes  and  attempting  correlations  between  the  microstructure  and  the  corres 
ponding  fatigue  properties,  especially  as  they  relate  to  the  possibility  of  stress 
corrosion  cracking  (SCC)  and/or  corrosion  fatigue*  occurring  in  this  low  alloy 
steel  tested  at  elevated  temperatures  in  pressurized  water. 

Figure  14  shows  typical  SEM  micrographs  of  fracture  surfaces  of  two 
fatigue  specimens  tested  in  air  at  288°C  with  two  different  loading  waveforms. 
The  top  two  micrographs  refer  to  an  air  test  with  a  trapezoidal  loading  composed 
of  a  one  sec.  ramp,  28  sec.  hold,  one  sec.  reset;  the  bottom  micrographs  refer  to 
an  air  test  with  a  one  min.  ramp/three  min.  hold  waveform  (Rl-3).  The 
micrographs  show  that  the  fractographic  features  are  roughly  the  same  for  both 
specimens.  The  failure  mode  was  transgranular  with  fatigue  striation  markings 


♦By  stress  corrosion  cracking  (SCC)  is  meant  the  subcritical  crack  growth  that 
results  in  the  presence  of  an  aggressive  environment  under  sustained  load,  while 
by  corrosion  fatigue  is  meant  the  subcritical  crack  growth  resulting  from  the 
combined  effects  of  cyclic  stresses  and  aggressive  environment. 
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Fig.  13.  SEM  micrograph  (a),  X-ray  scans  (b  and  c)  and  X-ray  energy  spectrum  of 
a  second  phase  particle  near  the  crack  path  of  specimen  Rl-1.  Arrow  on  top  left 
corner  and  micrograph  (a)  shows  direction  of  macroscopic  crack  propagation. 
The  X-ray  scans  and  corresponding  X-ray  energy  spectrum  show  that  the  second 
phase  particle  is  a  manganese-sulfide  inclusion. 
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Fig.  14.  Fracture  surfaces  of  A508-2  fatigue  specimens  tested  in  air  at  288u 
(550°C);  top  micrographs  refer  to  specimen  Q71-3,  bottom  micrographs  refer  to 
specimen  Rl-3.  The  SEM  micrographs  were  taken  at  crack  lengths  that 
correspond  to  the  following  AK  values:  (a)  29.7  MPaVrrT(27  ksivTnJ,  (b)  44 
MPaVm  (40  ksiVTnT),  (c)  29.7  MPaVrfT  (27  ksiVTnT),  and  (d)  63.8  MPaVrrT  (58 
ksiVTrT).  Arrows  show  direction  of  macroscopic  crack  propagation.  Micrographs 
show  that  the  failure  mode  for  both  specimens  was  transgranular  with  fatigue 
striations  and  extensive  secondary  cracking  clearly  visible  in  the  high  4K  region. 
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Fig.  15.  Fatigue  crack  growth  rate  data  vs  applied  cyclic  stress  intensity  for  two 
tests  in  an  air  environment  at  288°C.  Both  of  these  tests,  in  an  essentially  dry  (i.e. 
hydrogen  free)  environment  exhibit  data  in  the  "low"  growth  rate  category.  As  such, 
these  observations  are  typical  of  crack  growth  behavior  without  hydrogen  assistance. 
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that  are  clearly  visible  in  the  high  AK  region;  extensive  secondary  cracking 
was  also  present  for  the  entire  Ak  range.  Typical  of  ductile  metals,  the 
predominant  failure  process  in  these  two  specimens  was  plastic  blunting  accom¬ 
panied  by  fatigue  striation  formation  [17] .  Therefore,  the  fractographic  results 
of  the  air  tests  are  consistent  with  the  corresponding  fatigue  data.  In  fact,  the 
crack  growth  rates  for  these  air  tests  shown  in  Fig.  15,  fall  close  to  ASME 
Section  XI  air  line,  with  the  partial  exception  of  the  Rl-3  specimen  for  which  the 
crack  growth  rate  in  the  low  Ak  regime  was  slightly  above  the  air  line.  The 
higher  rate  of  Rl-3  in  the  low  A  K  regime  is  believed  to  be  due  to  the  combined 
effects  of  some  transient,  start-up  phenomenon,  coupled  with  the  fact  that  the 
data  in  this  region  were  subject  to  several  equipment  malfunctions,  which  were 
corrected  and  avoided  for  the  balance  of  the  tests.  The  SEM  micrographs  shown 
in  Fig.  16  typify  the  significant  observations  made  on  the  fracture  surfaces  of 
three  specimens  tested  in  93°C  reactor  grade  water  with  a  ramp  time  of  1  sec 
but  different  hold  time  periods.  The  failure  mode  of  the  three  specimens  was 
transgranular  with  fatigue  striations  clearly  visible  in  the  high  AK  range.  The 
striations  are  both  irregular  and  discontinuous,  and  it  is  believed  that  they  are 
partly  obscured  by  oxidation  products  present  on  the  fracture  surfaces.  (A  more 
complete  discussion  of  striation  observation  and  measurement  is  given  in  Ref  18). 
The  degree  of  secondary  cracking  appears  to  be  somewhat  less  in  these 
specimens  than  in  the  specimens  tested  in  air.  However,  the  basic  fractographic 
features  characterizing  these  tests  in  the  water  pot  are  very  similar  to  those 
seen  in  the  air  tests.  This  leads  one  to  conclude  that  the  material  tested  in  the 
water  pot  for  the  above  test  conditions  resulted  in  a  baseline  behavior  both  in 
the  failure  mode  and  in  the  corresponding  crack  growth  rate. 

Fig.  17  summarizes  the  significant  SEM  observations  on  the  specimens 
tested  in  93°C  water  environment  with  waveforms  of  hold  times  comparable  to 
those  above,  but  with  the  longer  ramp  times  of  3  min  (FW-8)  and  1  min  (FW-7), 
respectively.  As  shown  in  the  micrographs,  the  two  specimens  displayed  similar 
fractographic  features;  the  predominant  failure  mode  appears  to  be  trans¬ 
granular,  but  no  fatigue  striation  markings  were  seen  in  either  specimen,  and 
some  regions  of  the  fracture  surface  showed  a  trend  to  intergranular  failure.  In 
addition,  local  cleavage-like  facets  were  present  on  some  areas  of  the  fatigue 
fracture  surface.  Secondary  cracking  was  present  on  both  fracture  surfaces, 
although  the  cracking  was  not  as  extensive  as  in  the  case  of  the  air  tests; 
moreover,  the  average  size  of  the  secondary  cracks  was  larger.  The  local 
cleavage  facets  and  the  lack  of  fatigue  striations,  together  with  some  inter¬ 
granular  failure,  are  fractographic  features  that  are  commonly  associated  with 
mechanisms  of  SCC  and/or  corrosion  fatigue.  The  possible  presence  of  such  a 
corrosion  component  would  account  for  the  accelerated  crack  growth  rate  in  the 
specimens  tested  at  the  lower  temperature,  with  ramp  times  of  1  min  or  longer, 
compared  to  the  crack  growth  rates  of  specimens  tested  at  the  same  tempera¬ 
ture,  and  comparable  hold  times,  but  with  the  much  shorter  ramp  time  of  only  1 
sec. 

In  Fig.  18,  the  fractographic  features  of  an  A508  specimen,  Rl-04,  tested  at 
93°C,  with  a  one  min  ramp/ one  sec  reset  waveform  are  compared  to  the 
features  observed  in  the  same  material,  at  the  same  temperature,  but  tested 
with  a  thirty  min  ramp,  three  min  hold  waveform  (Rl-1).  The  fractographic 
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Fig.  16  Fracture  surfaces  of  A508-2  fatigue  specimens  tested  in  the  water  pot 
(93°C,200°F),  with  different  hold  time  periods  but  all  with  a  ramp  time  of  1  sec. 
The  SEM  micrographs  were  taken  at  crack  lengths  that  correspond  to  the 
following  4K  values:  (a)  33  MPaVTrT(30  ksiVTnD,  (b)  72.6  MPaVnT(66  ksiVTnD,  (c) 
44  MPaVtrT(40  ksiVTnD,  and  (d)  88  MPaVrTT(80  ksiVTnD.  Arrows  show  direction  of 
macroscopic  crack  propagation.  The  failure  mode  for  these  specimens  is 
transgranular  with  fatigue  striations  and  secondary  cracking,  as  in  the  air  tests 
shown  in  previous  figure. 
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Fig^  17  Fracture  surfaces  of  A508-8  fatigue  specimens  tested  in  the  water  pot 
(93  C,  200  F)  with  significant  ramp  and  hold  times  (1  min  or  greater  for  each), 
(a)  and  (b)  specimen  FW-8,  (c)  and  (d)  specimen  FW-7.  The  SEM  micrographs 
were  taken  at  crack  lengths  that  correspond  to  the  following  values  of  A  K:  (a) 


38.5  MPa/rjr(35  ksiVTnT),  (b)  57.2  MPaVTn  (52  ksiVTnT),  33  MPaVrrT(30  ksiVTnT),  and 
(d)  60.5  MPaVaT  (55  ksiVTnT).  Arrows  show  direction  of  macroscopic  crack 
propagation.  As  shown  by  the  micrographs  the  predominant  failure  mode  is 
transgranular,  but  some  regions  of  the  fracture  surfaces  are  characterized  by 
intergranular  failure  and  by  cleavage-like  facets. 


Fig^  18  Fracture  surfaces  of  A508-2  fatigue  specimens  tested  in  the  water  pot 
(93  C,  200  F)  with  significant  ramp  time  and  no  hold  (Rl-4,  top  micrographs)  and 
with  significant  ramp  and  hold  (Rl-1,  bottom  micrographs).  The  SEM  micrographs 
were  taken  at  crack  lengths  that  correspond  to  the  following  values  of  4K:  (a) 
25.3  MPaVrm-(23_ksiVin7),  (b)  66  MPaVrrT(60  ksiVhT),  (c)  40.7  MPaVnT(37  ksiV^nT), 
and  66  MPaVm  (60  ksiVin.).  Arrows  show  direction  of  macroscopic  crack 
propagation.  The  fractographic  features  of  these  two  specimens  are  similar  to 
those  observed  in  the  water  pot  tests  described  in  Fig.  3.  Both  sets  of 
micrographs  (Figs.  11  and  12)  display  fractographic  features  commonly  associated 
with  corrosion  fatigue. 
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appearances  of  the  two  specimens  are  quite  similar.  That  is,  both  fracture 
surfaces  are  characterized  by  quasi-cleavage  facets,  the  absence  of  fatigue 
striations,  some  intergranular  failure  and  sparse  but  large  secondary  cracks. 
These  are  nearly  the  same  aspects  observed  in  the  other  low  temperature  tests 
with  waveforms  that  included  hold  imes  of  1  min  or  longer  (FW-7  and  FW-8,  Fig. 
17).  Therefore,  the  features  of  Rl-i  and  Rl-4  also  indicate  the  possible  presence 
of  SCC  and/or  corrosion  fatigue.  The  crack  growth  rates  of  both  specimens  were 
accelerated  with  respect  to  the  ASME  Section  XI  air  line.  (Figs.  5a  and  6a).  The 
results  of  Rl-1  and  Rl-4  together  with  results  of  the  other  tests  with  trapezoidal 
loadings  tend  to  indicate  that  at  the  93°C  temperature,  the  length  of  the  hold 
time  does  not  appear  to  be  important,  while  the  length  of  the  rise  time  is  the 
significant  variable.  This  conclusion  reinforces  the  practice  of  plotting  Fig.  8 
with  ramp  time  as  the  independent  variable,  rather  than  the  full  period. 

The  significant  SEM  observations  made  on  the  surfaces  of  specimens  tested 
in  the  autoclave  with  different  loading  conditions  are  summarized  in  the 
micrographs  of  Fig.  19.  The  failure  process  for  all  four  test  conditions  is 
transgranular,  with  fatigue  striations  and  extensive  secondary  cracking  clearly 
visible  in  the  high  AK  region.  These  features  are  roughly  the  same  as  those  seen 
in  the  air  tests,  pointing,  therefore,  to  the  absence  of  a  corrosion  fatigue 
mechanism  in  these  tests.  This  observation  is  consistent  with  the  corresponding 
fatigue  data  for  which  the  basic  trends  were  closer  to  ASME  Section  XI  air  line. 

In  Fig.  20  are  shown  typical  micrographs  of  the  fracture  surface  of  a 
specimen  tested  in  the  autoclave  with  a  sinusoidal  loading  form  (R2-5)  with  a 
frequency  of  17  mHz.  The  failure  mode  of  this  specimen  is  somewhat  different 
than  those  observed  on  the  other  fracture  surfaces.  The  basic  failure  process  is 
transgranular  with  fatigue  striations  superposed  on  the  quasi-cleavage  facets. 
The  degree  of  secondary  cracking  is  less  in  specimen  than  in  the  specimens 
tested  in  air  (Fig.  14).  Thus  the  fractographic  features  of  the  sinewave  test  in 
the  autoclave  reveal  a  mixed  picture  concerning  the  presence  or  the  absence  of 
corrosion  fatigue. 

The  features  show  quasi-cleavage  facets  that  are  normally  associated  with 
an  environment-assisted  cracking  but  they  also  show  fatigue  striations  normally 
associated  with  fatigue  failure  that  does  not  involve  the  environment.  On  the 
other  hand,  the  crack  growth  data  were  accelerated  with  respect  to  the  air  line 
and  this  has  been  taken  to  indicate  the  presence  of  a  corrosion  fatigue 
mechanism. 

The  fractographic  observations  are  summarized  in  the  following  Table  4, 
which  is  constructed  in  a  manner  similar  to  Table  2.  The  reader  may  note  that 
for  specimens  on  which  cleavage  and  intergranular  fracture  were  observed,  the 
growth  rates  fell  into  the  high  category.  Since  these  features  are  characteristic 
of  hydrogen  assisted  fracture,  this  observation  lends  support  to  a  mechanism  of 
hydrogen  embrittlement  assisted  fatigue  crack  growth. 
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Fig.  19  Fracture  surfaces  of  A508-2  steel  tested  in  the  autoclave  (288°C,  550°F) 
with  different  loading  waveforms:  (a)  and  (c)  specimen  FW-13,  (b)  and  (d) 
specimen  FVV-12.  The  SEM  micrographs  were  taken  at  crack  lengths  that 
correspond  to  the  following  values  of  4K:  (a)  56  MPaVTfT(51  ksiVTm),  (b)  51.2 
MPaViru  (52  ksiVTrn),  (c)  50.6  MPaV7n~(46  ksiVTm),  and  (d)  33  MPaVuT(30  ksiV^mD. 
The  arrows  show  direction  of  macroscopic  crack  propagation.  Failure  mode  for 
these  autoclave  tests  was  transgranular  with  fatigue  striations  and  extensive 
secondary  cracking.  That  is,  these  features  are  similar  to  those  observed  in  the 
air  tests  that  were  assumed  to  represent  the  baseline  fatigue  properties. 
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Fig.  20  Fracture  surfaces  of  A508-2  fatigue  specimens  tested  in  the  autoclave 
(288°C,  550°F)  with  a  sinusoidal  loading  (R2-5).  The  SEM  micrographs  were 
taken  at  crank  lengths  that  correspond  to  the  following  values  of  AK:  (a)  49.5 
MPaVTnT  (45  ksiVTrv),  (b)  55  MPaVrrT(50  ksiVnv)  and  (c)  57.2  MPaVrrT(52  ksiVTnD. 
Arrows  show  direction  of  macroscopic  crack  propagation.  The  predominant 
failure  mode  is  transgranular  with  fatigue  striations.  However,  some  areas  of 
the  fracture  surfaces  show  cleavage-like  facets;  the  degree  of  secondary 
cracking  was  less  in  this  specimen  than  in  the  specimen  tested  in  air. 
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Table  4 


Summary  of  Fatigue  Fracture  Surface  Characteristics  as 
Functions  of  Temperature,  Rise  Time  and  Hold  Time 

Table  4a  Tests  With  Long  Hold  Times 


Short  Rise  Time 

Long  Rise  Time 

Low  Temp 

Transgranular  ductile 
failure,  fatigue  striations 
secondary  cracking. 

Mostly  transgranular  failure 
with  quasi-cleavage  facets, 
some  intergranular  failure. 

Absence  of  fatigue  striations, 
fewer  secondary  cracks. 

High  Temp 

Transgranular  ductile 
failure,  fatigue 
striations,  secondary 
cracking. 

Transgranular  ductile  failure, 
fatigue  striations,  secondary 
cracking. 

1 _ 

( 

■  | 

Table  4b  Tests  with  No  Hold  Time 

Short  Rise  Time 

Long  Rise  Time 

1 

4 

Low  Temp 

N.A. 

Mostly  transgranular  failure 
with  quasi-cleavage  facets, 
some  intergranular  failure. 
Absence  of  fatigue  striations, 
fewer  secondary  cracks. 

High  Temp 

N.A. 

Transgranular  failure  with 
fatigue  striations,  some  cleavage¬ 
like  facets,  fewer  secondary 
cracks. 
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A  MODEL  FOR  HYDROGEN  ASSISTED  FATIGUE  CRACK  GROWTH 

The  enhanced  cyclic  crack  growth  rate  seen  in  previous  investigations  in 
reactor  grade  water  as  well  as  in  other  aqueous  environments  is  most  often 
suggested  to  be  due  to  hydrogen  assisted  cracking  [5,  19-25] .  Other  mechanisms 
have  been  considered,  also,  especially  in  connection  with  the  temperature  and 
frequency  dependence  of  the  crack  growth  rate.  For  instance,  it  has  been 
suggested  that,  in  addition  to  hydrogen,  anodic  dissolution  may  induce  an 
increase  in  crack  growth  rate  [24]  or,  on  the  contrary,  introduce  crack  blunting 
with  low  frequencies,  or  during  hold  times,  resulting  in  subsequent  crack  growth 
retardation  [13,  14,  26] .  At  higher  temperatures,  i.e.,  closer  to  the  reactor 
operating  temperatures,  the  formation  of  a  more  stable  oxide  layer  may  prevent 
hydrogen  absorption  [26] .  Finally,  dynamic  strain  aging  may  occur  at  operating 
temperatures,  resulting  also  in  crack  growth  retardation.  [27-29] 

Hydrogen  Generation  at  the  Crack  Tip 

In  aqueous  environments,  the  electrochemical  conditions  at  the  crack  tip 
during  both  sustained  and  cyclic  loading  have  been  shown  to  be  independent  of 
the  bulk  electrochemistry.  Under  a  free  corrosion  potential,  the  pH  is  found  to 
be  close  to  3.5  [19,  30,  31] ,  i.e.,  the  condition  is  acidic,  and  is  accompanied  by 
hydrogen  evolution  through  a  cathodic  reaction.  During  the  rise  time  of  the 
fatigue  cycle  fresh  metal  surface  at  the  advancing  crack  tip  is  exposed  to  this 
environment.  Subsequently,  hydrogen  generated  during  the  cathodic  reaction  and 
hydrolysis  can  enter  the  metal.  If  a  hold  time  is  included  in  the  loading  wave 
form,  a  rapid  passivation  may  occur  and  subsequent  hydrogen  entry  can  be 
prevented. 

Two  different  theories  on  the  hydrogen  concentration  profile  around  the 
crack  tip  have  been  presented.  It  has  been  postulated  [see  e.g.  Refs  32-35]  that 
hydrogen  diffuses  by  bulk  diffusion  to  the  highest  hydrostatic  stress  state  ixi  the 
plastic  zone  ahead  of  the  crack  tip.  Using  the  formula,  <$  =  2r  =  KZ/0E 
(proposed  by  Rice  [36] ),  the  distance  r  of  the  highest  hydrostatic  stress  state 
near  the  crack  tip  varies  from  about  0.1  pm  for  the  starting  Km-  to  about 
200  pm  for  the  K  at  the  end  of  the  test.  The  bulk  diffusion  rate  of  hydrogen 
is  so  low  that  witnm  a  few  seconds  at  ambient  temperatures  it  allows  an  excess 
concentration  of  hydrogen  to  be  accumulated  only  at  distances  of  a  few 
micrometers  [36,  37] .  Hydrogen  bulk  diffusion  is  1  to  2  orders  of  magnitude 
higher  in  the  temperature  range  of  93  to  288°C  than  it  is  at  ambient 
temperature.  This  allows  for  greater  hydrogen  penetration  both  at  93  and 
288°C. 

Another  approach,  which  allows  substantially  larger  diffusion  distances,  is 
the  dislocation  sweep-in  mechanism  [37,  38] .  According  to  this  model  mobile 
dislocations  transport  hydrogen  as  Cottrell  atmospheres  at  a  rate  appreciably  in 
excess  of  that  for  lattice  diffusion.  Thus  an  excess  concentration  of  hydrogen 
can  be  generated  throughout  the  plastic  zone. 
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The  presence  of  hydrogen  in  the  plastic  enclave  introduces  a  macroscopic 
embrittling  effect  and  subsequent  increase  in  cyclic  crack  growth  rate.  Con¬ 
sidering  the  basic  mechanisms  of  the  microscopic  hydrogen  effects  [see  reviews 
Refs  39-42] ,  a  great  controversy  is,  however,  apparent.  In  his  recent  review 
Thompson  concludes  that  hydrogen  can  affect  fracture  when  its  concentration  in 
a  certain  volume  reaches  a  critical  level  and  that  all  the  fracture  modes  can  be 
affected. 

At  the  present  time  no  preference  to  the  various  models  can  be  given.  The 
following  text  presents  some  proposed  mechanisms,  which  appear  to  be  relevant 
when  considering  the  explanation  of  the  observed  behaviorism.  It  has  been  shown 
that  hydrogen  impedes  the  dislocation  motion,  i.e.,  increases  the  flow  stress  in 
the  plastic  zone  [39-43] .  This  in  turn  results  in  a  smaller  plastic  zone  size  [44- 
45]  and  in  a  lower  crack  closure  load,  i.e.  larger  effective  A  K  (at  least  in  the 
lower  aK  region);  these,  in  turn,  resulting  in  an  accelerated  crack  growth  rate 
[46,  47].  On  the  other  hand,  Beachem  [33,  48]  has  suggested  a  contradictory 
model  according  to  which  hydrogen  reduces  the  local  stress  required  for 
dislocation  motion.  Also,  Hirth  and  Johnson  [39]  have  stated  that  in  the  case  of 
void  coalescence  and  a  fixed  plastic  zone  size  such  a  lower  local  yield  stress 
would  indeed  give  a  lower  stress  intensity  for  crack  propagation. 

Another  approach,  based  on  continuum  mechanics  models,  states  that  a 
delicate  balance  exists  at  a  crack  tip  between  cleavage  and  plastic  deformation 
in  ferritic  iron  alloys  [49-51].  Hydrogen  may,  by  forming  surface  hydrides  [49- 
50] ,  or  by  lowering  the  surface  energy  [52] ,  or  the  cohesive  energy  [53-56] 
suppress  plastic  deformation  and  hence  favor  cleavage  fracture. 

Hydrogen  Embrittlement  Mechanism  at  93°C 

The  results  presented  earlier  show  that  a  waveform  composed  of  a  fast  rise 
time  (of  the  order  of  1  second)  followed  by  a  hold  time  does  not  accelerate  the 
crack  growth  rate  significantly  above  the  ASME  Section  XI  air  line  (see  Fig.  4). 
This  result  is  consistent  with  several  previous  results  obtained  in  different 
aqueous  environments  using  various  wave  forms  and  frequencies  faster  than  or  of 
the  order  of  one  sec  [5,  13,  21,  22,  57-60,  13a,  58,  59] .  However,  an  exception  is 
the  data  published  by  Atkinson  and  Lindley  [25]  which  show  accelerated  crack 
growth  rates  even  with  1  Hz  frequency. 

The  explanation  for  the  general  absence  of  environmental  effect  at  such 
comparatively  high  frequencies  may  be  sought  from  the  passivation  behavior  of 
the  fresh  metal  surface  at  the  crack  tip  and  subsequent  possibilities  of  hydrogen 
absorption  and  transport.  Using  a  constant  strain  rate  stress  corrosion  cracking 
test  method,  it  has  been  shown  that  a  maximum  attack  of  the  environment  is 
observed  over  a  critical  range,  and  the  susceptibility  decreases  at  faster  and 
slower  strain  rates  [61-63] . 

For  a  corrosion  fatigue  test  at  high  frequencies,  corresponding  to  larger 
strain  rates  in  constant  strain  rate  testing,  the  interaction  of  the  exposed  metal 
with  the  environment  is  of  no  consequence,  because  the  rate  at  which  the  metal 
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fails  by  ductile  fracture  exceeds  the  rate  at  which  the  environment  can  affect 
fracture  via  any  of  the  possible  mechanisms  (dissolution,  hydrogen  embrittlement 
or  adsorption  of  damaging  species). 

Because  there  is  opportunity  for  hydrogen  generation  and  subsequent  entry 
into  the  metal,  a  long  rise  time,  with  or  without  a  hold  time,  produces  an 
accelerated  growth  rate.  The  passivation  at  the  frequencies  used  is  not  rapid 
enough  to  prevent  the  hydrogen  entry.  The  change  of  da/dN  -  AK  slope  at  higher 
crack  growth  rates  (i.e.,  the  bending  of  the  curve  towards  the  air  line  (see  Fig 
6a,  b))  can  be  explained  by  considering  the  hydrogen  transportation.  It  has  been 
shown  that  the  amount  of  hydrogen  transported  per  unit  strain  decreases  with 
increasing  strain  rate  [64]  in  agreement  with  the  constant  strain  rate  test 
results.  Also,  with  the  increased  surface  area  generated  during  the  higher  crack 
growth  rate  the  electrochemical  conditions  change  the  potential,  causing  a  more 
anodic  state  [30] ,  with  the  consequence  that  the  level  of  surface  hydrogen 
release  decreases  [65] .  Thus,  at  higher  AK  values  the  crack  growth  rate  is  so 
fast  that  it  overcomes  the  hydrogen  generation  and  transportation  [8] . 

The  preceding  fractographic  observations  show  that  the  fracture  mode  of 
specimens  that  produced  accelerated  growth  rates  was  a  quasi-cleavage  type 
transgranular  fracture  with  occasional  intergranular  areas.  Even  in  the  higher 
AK  regions,  fatigue  striations  were  not  observed.  These  observations  support  the 
hydrogen  effect,  however,  no  distinction  can  be  made  as  to  the  exact  mecha¬ 
nisms.  The  cleavage  type  fracture  is  consistent  with  all  the  suggested  models. 
The  intergranular  fracturing,  however,  would  give  support  to  the  hydrogen 
transport  by  dislocation  sweep-in  model.  The  dislocations  can  move  the 
hydrogen  to  the  grain  boundaries,  where  it  is  trapped  and  consequently  intro¬ 
duces  an  intergranular  failure  when  the  boundary  is  favorably  oriented  with 
respect  to  the  crack  plane. 

The  fractography  of  specimens  showing  an  unaccelerated  growth  revealed  a 
transgranular  ductile  fracture  with  fatigue  striations.  This  evidently  shows  the 
absence  of  hydrogen  or  other  environmentally  effected  embrittlement. 

The  metallography  of  the  specimens  showing  accelerated  crack  growth 
rates  revealed,  in  the  region  close  to  the  crack,  small  holes  or  voids,  as  well  as 
the  separation  of  the  inclusions  from  the  matrix.  Only  a  very  few  voids  could  be 
seen  in  specimens  showing  non-accelerated  crack  growth  rates.  This  strongly 
supports  the  mechanism  of  hydrogen  diffusion  ahead  of  the  crack  tip  and  at  least 
partial  trapping  to  the  inclusions.  This  trapping  obviously  causes  reduction  in  the 
bond  strength  at  the  interface  between  the  inclusions  and  the  matrix,  resulting  in 
crack  growth  preferentially  through  the  inclusions. 

Another  significant  observation  was  the  almost  complete  absence  of 
microcracks  in  the  specimens  showing  accelerated  crack  growth  rates.  This  is 
apparently  due  to  the  hydrogen  induced  change  in  fracture  mode  from  ductile 
striation  formation  to  quasi-cleavage.  It  is  obvious  that  in  the  absence  of  the 
microbranching,  the  effective  AK  is  higher  and  consequently  the  crack  growth 
rates  faster.  At  higher  K-values,  when  the  crack  growth  rate  exceeds  the 
hydrogen  diffusion  rate,  the  amount  of  microcracking  increases  and  introduces  a 
reduction  in  the  crack  growth  rate,  i.e.,  a  bend-over  (Fig.  6b). 
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Embrittlement  Mechanisms  at  288°C 

As  was  the  case  at  93°C,  high  frequencies  i.e.,  short  rise  times  of  the  order 
of  one  sec,  did  not  exhibit  the  accelerating  effect  of  the  environment.  At  NRL 
no  high  temperature  tests  have  so  far  been  completed  with  long  rise  time,  no 
hold  time,  and  fast  reset.  However,  if  the  sine  wave  loading  is  assumed  to  closely 
represent  this  type  of  loading,  it  is  obvious  that  an  accelerated  crack  growth  is 
seen  at  least  for  the  mid-range  AK  values.  This  behavior  may  be  explained  using 
the  reasoning  as  in  the  case  of  data  observed  at  93°C,  i.e.,  hydrogen  is  generated 
and  adsorbed  or  absorbed  during  the  long  rise,  subsequently  introducing  the 
embrittling  effect  and  accelerated  crack  growth  rate. 

Contrary  to  the  observations  at  93°C,  a  hold  time,  after  long  rise, 
depresses  the  crack  growth  rate  back  to  the  air  line.  Several  mechanisms  may 
be  suggested  to  explain  this  temperature  dependent  behavior.  It  could  be 
assumed  that  a  hydrogen  redistribution  and  accompanying  stress  relaxation 
occurs  at  this  temperature.  Dislocations  moving  to  the  crack  tip  during 
relaxation  may  sweep  the  hydrogen  out  of  the  material,  resulting  in  additional 
relaxation.  It  is  obvious  that  a  similar  relaxation  is  not  possible  at  lower 
temperatures,  i.e.,  the  crack  tip  remains  sharper  during  hold  times  at  93°C. 
Secondly,  it  has  been  postulated  that  anodic  dissolution  occuring  during  hold  time 
or  at  very  low  frequencies  may  introduce  excessive  crack  blunting  [13,  14,  25] . 
Why  this  blunting  should  occur  at  288°C  but  not  at  93°C  is,  difficult  however,  to 
explain.  Thirdly,  some  kind  of  stable  oxide  formation  may  occur  reducing  the 
subsequent  hydrogen  generation  and  entry  during  the  following  rise  time  [131 . 
The  oxide  formed  at  288°C  is  known  to  be  more  stable  than  that  formed  at  93°C 
[66] .  Fourthly,  if  surface  hydrogen  formation  has  occurred  during  the  rise  time, 
this  hydride  may  dissolve  during  the  hold  time.  Lastly,  a  dynamic  strain  aging 
may  occur  during  the  hold  time  resulting  in  an  increased  toughness  and  thus 
decreased  crack  growth  rate  [27-29] .  No  preference  can  be  given  to  any  of  the 
above  mechanisms;  it  is  also  possible  that  several  of  the  suggested  processes  may 
occur  simultaneously. 

The  evident  discrepancy  between  the  sine  wave  results  (Fig.  6b)  and  the  1 
min  ramp  and  1  min  reset  transgranular  waveform  (Fig.  7)  is  rather  difficult  to 
explain.  A  possible  explanation  may  be  that  the  crack  growth  rate  achieves  a 
maximum  at  a  certain  frequency,  which  might  be  of  the  order  of  17  mHz.  The 
triangular  wave  form  result  may  represent  the  case  fc:  which  the  reset  time  is 
long  enough  for  one  or  more  of  the  above  mechanisms  to  occur.  Another 
possibility  may  be  that  during  the  reset,  the  dislocations  pump  the  hydrogen  out. 
There  is  an  evident  need  for  the  additional  tests  to  solve  the  discrepancy.  The 
fractography  performed  on  the  non-accelerated  specimens  tested  at  288°C 
showed  only  ductile  transgranular  fracture  with  fatigue  striations,  i.e.,  no 
evidence  of  environmental  effect.  In  sinewave  specimens  giving  accelerated 
crack  growth  rate,  a  superposed  pattern  of  quasi-cleavage  and  fatigue  striations 
was  seen.  However,  it  has  been  previously  shown  that  the  fracture  mode  of 
hydrogen  assisted  cracking  transforms  from  mixed  inter-  and  transgranular  at 
lower  temperature^  (close  to  100°C)  to  fully  transgranular  at  higher  tempera¬ 
tures  (close  to  300°C)  [67,  68] ,  and  that  hydrogen  may  also  assist  fracturing  in 
the  predominantly  ductile  manner  [41]. 
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Both  the  air  tests  reported  here  showed  crack  growth  rates  in  the  "low" 
category,  near  the  ASME  Section  XI  air  default  line.  It  has  been  shown  that 
moist  air  at  lower  temperatures  may  cause  accelerated  crack  growth  rate  [45] . 
However,  in  a  test  conducted  at  288°C  it  is  highly  unlikely  that  any  moisture  can 
exist  close  to  the  heated  specimen  surface.  A  need  for  additional  air  test  with 
either  17  mHz  cpm  wave  or  1  min  ramp/fast  reset  loading  is  evident. 

CONCLUSIONS 

There  are  several  observations,  conclusions,  and  suggested  mechanistic 
processes  which  have  evolved  from  these  studies.  While  each  of  these  has  been 
stated  and  developed  in  the  foregoing  sections  on  results,  mechanisms  and 
fractography,  they  are  summarized  here  for  conciseness  and  mental  digestive 
ease. 


1.  Crack  growth  rates  for  these  load  ratio  (0.1),  temperature  (93  and 
288°C,  200  and  550°F)  and  waveform  (ramp  and  hold)  conditions  fall 
either  in  a  band  situated  near  the  Section  XI  air  default  line  ("low"),  or 
midway  between  the  air  and  water  default  lines  ("high"). 

a.  A  ramp  time  in  excess  of  one  sec.  is  required  in  order  to 
produce  data  in  the  high  category. 

b.  In  spite  of  a  long  ramp  time,  a  high  temperature  test  involving 
a  hold  time  component  as  well,  will  result  in  crack  growth 
rates  in  the  low  category. 

2.  For  the  test  parameters  of  this  study,  crack  growth  rates  did  not 
exceed  the  ASME  Section  XI  code  limit  for  the  high-temperature,  pres¬ 
surized  water  environment.  However,  it  is  clear  from  other  references 
that  certain  conditions,  such  as  high  load  ratios  (~0.7  [5])  or  boiling  water 
reactor  water  chemistries  (~100  ppb  dissolved  oxygen),  together  with  a  high 
load  ratio  (0.6  [69] )  result  in  fatigue  crack  growth  rates  which  exceed 
ASME  Code  limits. 

3.  The  two  waveforms  which  provided  the  highest  crack  growth  rates 
are  the  17  mHz  sinewave  and  the  one  min  ramp/fast  reset  waveforms. 
These  two  waveforms  have  been  chosen  for  the  main  matrix  test  program. 

4.  To  account  for  these  observations,  a  hydrogen  embrittlement  mecha¬ 
nism  has  been  advanced.  The  primary  elements  of  this  model  are: 

a.  As  fresh  metal  surface  is  exposed  during  the  ramp  time  of  a 
load  waveform,  the  hydrolytic  reaction  results  in  the  genera¬ 
tion  of  hydrogen  which  subsequently  diffuses  to  the  region  of 
highest  triaxial  stress.  Repassivation  rates  are  not  high 
enough  to  prevent  continued  hydrogen  entry. 

b.  At  low  temperatures,  stress  relaxation  and  diffusion  of  hydro¬ 
gen  from  the  plastic  enclave  is  not  possible,  and  the  crack 


43 


growth  rates  remain  high  even  with  the  presence  of  hold  time 
components  in  the  waveform. 

c.  At  high  temperatures,  either  stress  relaxation,  crack  tip  blunting, 
stable  oxide  passivation  or  dynamic  strain  aging,  or  a  combination  of 
these,  results  in  the  depression  of  expected  high  crack  growth  rates 
to  the  low  growth  rate  category. 

5.  In  large  measure,  the  basis  for  these  mechanistic  processes  is  found 

in  the  fractographic  evidence. 

a.  Transgranular  cleavage,  some  intergranular  separation,  and  an 
absence  of  fatigue  striations  characterize  the  fatigue  fracture 
surfaces  of  the  low  temperature,  high  growth  rate  specimens. 
This  is  characteristic  of  a  hydrogen  assisted  cracking  mecha¬ 
nism. 

b.  High  or  low  temperature  fatigue  fracture  surface  morphology 
for  the  low  growth  rate  specimens  is  typified  by  ductile 
fracture  with  fatigue  striations.  This  implies  the  lack  of  a 
hydrogen  assistance. 

c.  High  temperature,  high  growth  rate  (sinewave)  fatigue  frac¬ 
ture  surface  morphology  consisted  of  a  superposed  pattern  of 
quasi- cleavage  and  fatigue  striations.  This  is  consistent  with 
higher  temperature  hydrogen  assisted  growth  mechanisms. 

IMPLICATIONS  OF  THESE  RESULTS  FOR  ASME  SECTION  XI. 

In  each  of  the  Figs.  4-6  the  ASME  Section  XI  Code  default  lines  for  surface 
and  subsurface  flaws  are  illustrated.  An  immediate  conclusion  is  that  for  the 
material,  load  waveform  and  environmental  combinations  used  in  this  study,  the 
code  line  for  surface  flaw  growth  has  been  acceptably  (conservatively)  chosen. 
It  is  most  important  to  note  that  the  load  ratio  for  this  study  was  ~0.1  and  there 
is  ample  evidence  [5,6]  that  higher  load  ratios  (0.5,  0.7)  will  result  in  higher 
growth  rates  which  exceed  the  code  limitations.  NRL  studies  of  growth  rates  as 
a  function  of  higher  load  ratios  are  underway,  but  it  is  clear  that  this  lower  load 
ratio  results  in  acceptably  low  growth  rates  irrespective  of  temperature  and 
waveform. 

It  is  also  important  to  note  that  the  bend-over  of  the  sinewave  generated 
growth  rates  is  peculiar  only  to  that  waveform.  The  data  pertaining  to  the 
ramp/hold  waveforms  do  not  bend  over  and  in  fact  tend  to  reside  in  bands  nearly 
parallel  to  the  current  ASME  code  limits.  This  strongly  supports  the  contention 
that  the  code  limit  lines  should  remain  linear  and  unsegmented.  Again,  this 
conclusion  can  only  be  held  valid  for  the  conditions  (especially  the  load  ratio  = 
0.1)  of  this  series  of  tests. 

Lastly,  it  must  be  remembered  that  the  limited  number  of  waveform 
constructions,  and  the  two  temperatures  used  in  this  work,  were  not  meant  to 
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completely  span  the  range  of  operating  reactor  conditions.  However,  the 
execution  of  this  preliminary  matrix,  and  the  main  matrix  on  which  work  has  just 
begun  has  been  a  major  stride  forward  in  the  accurate  measurement  of  fatigue 
crack  growth  rates  in  the  high-temperature  pressurized  reactor-grade  water 
environment.  Thus,  the  data  base  on  which  the  ASME  Sec.  XI  Code  is  based  has 
been  further  strengthened. 
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